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Abstract- 

Purpose-This paper is based on design of a 
quadruped robot and manufacturing it with 3-D printer 
followed by its detailed analysis. It focuses on the 
advantages of additive manufacturing rather than 
conventional manufacturing techniques and also 
highlights its limitations. The consequences of choice of 
different materials for 3-D printing are evaluated in this 
report. 

Design/methodology/Approach- The parts were 
designed in CAD software and made into Stereo 
lithography files, which were fed into the 3-D printing 
software. They were printed with the selection of ABS 
material. Low torque servos were employed in the 
beginning of the assembly and were controlled with the 
Arduino Uno microcontroller. 

Findings- The versatility of legged robots require 
materials with high strength to weight ratio, where 3003 
aluminium alloy sheets proved to be a better choice than 
conventional ABS. The ABS legs buckled under load 
and proved to be an inferior material choice for 
fabrication. The aluminium sheet fabricated legs not only 
imparted structural stability to the robot but also allowed 
in selection of more powerful servos for added strength. 

The bot could now achieve significant level of stability. 

Research Limitations/Implications- The power 
supply used for powering the bot was of SMPS type of 
power supply which made it less mobile. Due to the 
huge demand of current by the high torque servos used 
later, the power supply became a huge limitation which 
can be overcome by applying Lithium ion batteries. 

Practical Implications- The bot can be used for 
SLAM and autonomous navigation in areas where it is 
almost impossible for humans to access into. 


Originality/Value- This paper shows a concrete study 
on efficacy of quick CAD designing and rapid fabrication. 

Keywords: 3-D Printing, Kinematics, EDM, Sheet 
Metal, Quadruped. 


I. INTRODUCTION 

Due to increased number of degrees of freedom, 
legged robots, in general, a far more complex than wheeled 
robots which are rather simple and easy to control. But 
wheeled robots have numerous backlogs in terms of their 
movement in undulating terrain, crossing hindrance, etc.[l], 
[5].Legged robots effectively provide solution to such 
problems. This paper is focused on a very popular legged 
robot, the quadruped robot. Solid Works CAD software is 
used to design the parts of the robot and then it is 
manufactured using FlashforgeCreatorPro3-D printer. This is 
the salient part of the paper as conventional manufacturing 
techniques were avoided which made possible in designing 
customized parts rather than relying on the standard available 
ones. It was found that the material choice was not optimal for 
supporting the load of the servos and the microcontroller after 
the bot was fully assembled. The Tibia (Fig. 1. b) began to 
buckle under load and got deformed, leading to stability 
issues. The Tibia was then redesigned and was re-fabricated 
with aluminium plates with the help of EDM, which resulted 
in higher strength to weight parts. Then the detailed analysis 
was carried out in terms of some standard parameters such as 
kinematics, stability, etc. The choice of material further 
allowed us to incorporate heavier, more powerful servos in 
order to impart more strength to the kinematics of the bot. 

II. LITERATURE SURVEY 

The first idea of creation of legged robots was 
inspired from various species pre-existing in the environment 
such as centipedes, millipedes, etc. Subsequently some crude 
walking mechanism were formulated in order to accomplish 
the task. The first walking mechanism was developed by 


660 



International Journal OF Innovative Technology and Creative Engineering (ISSN:2045-8711) 

Vol.9 No.04 APRIL 2019 


Chebyshev in 1870 which was a manifestation of four bar 
mechanism[4]. Subsequently, gaits were formulated and 
studied based on mathematical models in an attempt to 
improve the features of walking mechanisms. Thus, stability 
measurements and gait generation algorithms were created 
based on ideal cases, and improvements were eventually made 
leading to the present condition of such technology. 

Our research is to create a simplified version of all 
the complex analysis and formulations that have been done in 
order to develop a quadruped robot. We have tried to simplify 
things in terms of design, manufacturing and analysis of this 
particular type of legged robot, the quadruped robot. 

III. PROBLEM DEFINITION 

Modern technology is developed keeping in mind 
that it would assist or be of use to mankind. The prime 
problems which are faced by robot makers are cost, feasibility 
of manufacturing, resources in terms of material availability 
and many other things. In the recent years a significant 
development in the field of affordable 3-D printing has been 
witnessed. This has eased up the process of fabrication of 3D 
models which now can be produced at unprecedented 
frequencies. The advancements in 3D printing technology 
have motivated many people to get into CAD and CAM and 
design their own models. Those models now can be easily 
fabricated once the solid model has been created. 

This report is aimed at investigating a similar topic as 
stated above. The following pages exhibit the process of 
fabrication of a quadruped robot. First, the parts are designed 
in CAD software. The parts are then converted into Stereo- 
Lithographic Image files which are then fed into a 3D printer 
software. This is followed by a brief discussion on material 
selection in 3D printing and numerous problems that can arise 
with it. Let us discuss about the kinematic analysis of the leg- 
joints and the joint trajectory planning. 

IV. METHODOLOGY 

A. Hardware and software used 

1. CAD software: CAD stands for Computer Aided 
Design. The name itself suggests that it is the use of computer 
systems to design, analyse and optimise a particular product. 
Some CAD softwares can even simulate the working of a 
particular system. Any open source or paid CAD software can 
be used out of the bundles available. The parts of the robot are 
designed in CAD software. 

2. Flashforge Creator Pro 3D Printer:Thanks to the 
open source technology, this printer has provided precise and 
high quality 3D printed models. The CREATOR PRO is a 
Fused Deposition Moulding (FDM) type 3D printer. The 
sturdy metal frame seen in the product increases stability of 
the printer’s moving parts. Metal platform support and 10mm 
Z-axis guide rods allow for precise movement on the Z-axis. 
The build plate is made from 6.3mm thickness alloy of 
aluminium. 


It has 227x148x150 mm build volume. Layer 
resolution offered by this printer is 100-500 microns. The 
product weighs about 17 kgs. The integrated software it uses 
is ReplicatorG. A solid model file, after being created, can be 
transformed in Stereo-Lithographic Imaging File (STL) and 
fed into the 3D printer via USB or SD card. The build time 
will depend upon size, complexity and amount of material to 
be used in the model [6]. 

3.EDM: Electrical discharge machining, also known 
as spark machining, spark eroding, wire burning or wire 
erosion, is a manufacturing process whereby a desired shape is 
obtained by using electrical discharges. Material is removed 
from the work piece by a series of rapidly recurring current 
discharges between two electrodes, separated by a dielectric 
liquid and subjected to an electrical voltage. One of the 
electrodes is called the tool electrode, while the other is called 
the work piece electrode. When the voltage between the two 
electrodes is increased, the intensity of the electric field in the 
volume between the electrodes become greater than the 
strength of the dielectric, which breaks down, allowing current 
to flow between the two electrodes. As a result material gets 
removed, which gets carried away by draining liquid dielectric 
and fresh liquid dielectric is replaced[7]. 

B. Design and Fabrication of the quadruped robot 

As stated earlier this is a solely self-designed robot. 
Therefore the first step was to design the parts that would 
constitute the robot. The robot to be designed would have 3 
servo motors on each leg, therefore, giving it 3 degrees of 
freedom[l]. The legs would further have sub parts viz. ‘upper 
leg’ (Femur) and Tower leg’ (Tibia). These legs would then 
be attached to the base plate or main body. The following 
parts were designed in CAD software 



Fig.1 Part by part 3-D model designed in CAD 
software a) Femur b) Tibia c) Body d) Extension 
Hand 


Due to build volume limitations in the 3D printer a 
separate ‘Extension hand’ part was designed which was to be 
screwed in on the four corners of the base plate. They were 
assembled in CAD software. The assembly is shown below- 
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Fig.2 Complete 3-D Constrained Assembly in CAD 
Software 

The ‘Extension hand’ part was later disearded as it 
lead to unneeessary instability issues. The solid models were 
eonverted into STL files and loaded into the 3-D printer. The 
robot had 4 legs. Therefore, as set of 4 upper and lower leg 
parts were fabrieated and finally a base plate was fabrieated. 
The 3D printer supported Poly Laetie Aeid (PEA) and 
Aerylonitrile Butadiene Styrene (ABS) as materials for 3D 
printing. Though ABS had poor meehanieal properties, it was 
the material of ehoiee as PEA had poor maehining properties 
and was resistant to adhesives. The 3-D printed parts are 
shown below 



Fig.3 Complete 3-D Printed Parts with ABS 
a) Femur b) Tibia c) Body d) Extension Hand 


The holes were maehined to satisfy the mating 
eonditions of servo horns and serews. After eaeh fabrieation, 
the praetiee was to eut out the part from its raft, whieh formed 
the base support upon the build bed. Several parts got bent due 
to this as at that time they were still hot. 

A. Electronics and Micro-controllers 

Now let us foeus on the eontrol system of the robot. 
The robot has servo motors as its aetuators, whieh are 
eontrolled by Arduino Mega. The Arduino Mega 2560 is a 
mieroeontroller board based on the ATmega2560. It has 54 


digital input/output pins (of whieh 15 ean be used as PWM 
outputs), 16 analog inputs, 4 UARTs (hardware serial ports), a 
16 MHz erystal oseillator, a USB eonneetion, a power jaek, an 
IS CP header and a reset button. 

Arduino Mega has been ehosen in order to eop up 
with the requirement of number of digital I/O pins. In this 
eontext, it is worth mentioning that an effeetive and proper 
power supply has to be ehosen for smooth and safe 
funetioning of the servo motors as well as the Arduino board. 
In order to provide external power in an integrated manner, a 
eompatible sensor shield was used. For initial purposes a 
eomputer grade power supply was ehosen as it had the 
eapability to supply high amperes of eurrent at 12V. The 
servos that were to be installed in the bot were low torque 
HITEC HS 311 servos whieh demanded 6V and lA at hill 
load. So, an appropriate step down voltage regulator and 
power supply were used. 

B. Assembly of the robot 

The hands were first serewed in to the eorners of the 
basal plate. Servos were attaehed to the legs and finally for the 
first time the bot was beginning to take shape. 

The rough surfaee at the top was the result of the raft 
upon whieh the basal plate was fabrieated. The software of the 
3D printer automatieally suggested the formation of raft for 
easy removal of the fabrieated parts from the build plate. 

The servos were assembled at the leg joints and eaeh 
of the legs was attaehed to the servos situated at the four 
eorners of the basal plate with the help of small aluminium 
bars whieh were maehined for this purpose. 

The servos were eonneeted to the shield, whieh was 
in turn mounted on the Arduino Mega mieroeontroller. 

After the assembly was eomplete, it was time to test 
the bot for its stability. In order to perform that, a simple eode 
was uploaded to the mieroeontroller whieh held the servos at 
speeifie angles so that the bot eould stand. 

Upon performing initial tests, it was found that there 
were massive stability issues. The bot eould stand but it would 
shake from time to time as the servos would fluetuate. This 
gave an insight that bot was barely able to lift its own weight! 
What went wrong? 

C. Material and Servo reselection 

There were two flaws evident in the proeess viz. 
seleetion of low torque 6W servo and 50% infill ABS as the 
struetural material. 

The servos were unable to generate enough torque to 
prevent mild slipping of the foot tip when plaeed on platform 
whieh led to vibrations and exeessive heat generation on the 
servos, and henee, our aetuators needed replaeement. 

This problem was not alone. The repeated and 
tedious vibration eyeles ereated fatigue in the leg pieees: Tibia 
and Femur. The legs got twisted and due to unequal 
distribution of load bending stress was indueed in the legs 
whieh started eausing bending failure. 
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It was realised that there were 3 main problems with 
the robot: 

Insuffieient torque supplied by the servos 

Thin design of the foot tip whieh resulted in less area 
of eontaet between the tip and the platform whieh in turn 
lead to inereased ehanees of slipping 

Material strength and durability 

So, the team deeided to go for re-fabrieation of the 
leg-pieees using aluminium (whieh were manufaetured with 
the help of EDM maehine) thus ensuring better tensile 
strength and fatigue resistanee and also replaeing the low 
torque servos with high torque Futaba blsl75sv with eurrent 
speeifieation of 1 A and voltage speeifieation of 7.4V. 

With respeet to the good seleetion eriterion the 
ehanges worked well, minimizing the repeated vibration and 
heating problem of the servos. But this was not the eomplete 
solution to our problem, the slipping of the foot-tip eontinued 
due to its thin design i.e. less eontaet area between the tip and 
the platform. 

Now it was deeided to use a simple glue-gun on the 
foot-tip to inerease the area of eontaet and reduee the 
smoothness due to the good surfaee finish thus inereasing the 
value of the frietion eoeffieient. But this was also not the end 
of our troubles. Now we needed proper servo braekets to fit in 
the servo motors whose fitting holes were already failing due 
to shear. Thus, a simple euboidal braeket was made to fit in 
the servos and now the design was stable enough to withstand 
its own load and stand for a span of about 12-13 minutes at 
streteh with minimal heating problem. 

D. Mathematical Modelling of the problem 

This seetion will put light on the detailed kinematie 
and dynamie analysis of the robot. 

The main ehallenges are the planning and 
implementation of the legs’ motions in generating a walking 
sequenee, namely, how to plan the steps of the robot so that it 
moves in a desirable way while maintaining equilibrium 
eonstraints (quasi-statie walking)[4]. It will be aehieved by 
ealeulating the joint variables (simply speaking, angles turned 
by the servos) so as to aehieve the desired motion of the tip of 
the leg. In this eontext it is quite evident that not only the 
individual legs’ motions are to be eoordinated but also there 
has to be a smooth eoordination among the 4 legs themselves. 

Kinematie Analysis: As stated earlier the robot has a 
base plate to whieh all the legs are attaehed whieh are similar 
and symmetrie about the eentre of mass axis of the base plate. 
Eaeh leg has three servo powered rotary joints with the typieal 
artieulated (RRR) eonfiguration, i.e. the seeond and third 
joints’ axes are parallel to eaeh other and perpendieular to the 
first joint’s axis. 



Fig.4 Kinematic Diagram of a Leg of the Robot 

The kinematie analysis of any robot has got 2 phases 
viz. Forward kinematies and Inverse kinematies. The former 
deals with determination of the position of the end effeetor 
with known joint variables while the later deals with 
ealeulating the required joint variables in order to reaeh a 
partieular position[3]. An important point is to be noted that 
inverse kinematies eannot be earried out without writing the 
forward kinematie equations. The detailed operations of all 
those in aeeordanee with the robot are as follows: 

The frames have been attaehed to eaeh of the joints 
aeeording to the DH parameter rules. The problem is governed 
by four variables, namely link length (ai), link twist (ai), joint 
distanee (di), and joint angle (0i), required to eompletely 
deseribe the leg meehanism. 

The general transformation matrix aeeording to the 
DH parameter rule ean be written as: 


i-:T = 


CDS (0j) 
siia (0j) 

. 3 


-sin (0j)cDS (Kj) 

CDS (0j)i:LJS fiq) 

sin ( 0^3 
0 


sin (0j3sinraj3 aja>s(0j3' 
—mo (iq3‘L-^ C®i) C®i3 

CDS (Oj) 0 

0 1 


In our ease i will have values 1, 2, 3. By putting these 
values turn by turn we ean find the individual transformation 
matriees. The final transformation matrix ean be obtained by 
multiplying those matriees, i.e. 


«T- «T. iT*lT 

The final transformation matrix after multiplieation 
of those transformation matriees is: 

A (i ] • 

The final eoordinates of the foot tip ean be expressed 
as: 

(o ji E £70^(9 2 E = X 

(fi£ E E E 93j)srn(9j3 = V 

E j E 0^3 = Z 

Where (X, Y, Z)’ is the final position of the 

foot tip. 
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Similarly the values of 0i ean be ealeulated using the 
inverse kinematies. After simple algebraie manipulations the 
results are formulated below: 

(C, -h .B- -h C^'] - S') 

-h -h Z" -h — ag" 

^3 - ^ 

i .[ 3 ^ fi-g 

Where 

A = 2 a. -hi'" - aj 
B = 2Za2 

C = (X- -h K" - a^'f -h -h - ag= 

Foot trajeetory planning: After having determined, 
what must be the joint variables in order to move the robot to 
a partieular position, it is the ardent need of the hour to ensure 
that the robot does not suffer any abrupt ehanges in its joint 
variables, whieh may lead to unsteady motions and fatal 
vibrations. Therefore, trajeetory planning beeomes neeessary. 
It involves formulation of a sequenee of movements that must 
be made to ereate a eontroiled movement between motion 
segments[2]. 

To ensure a smooth path to be followed by the swing 
foot, the joint trajeetory is assumed to be a 3rd power 
polynomial funetion as the trajeetory funetion of the joint 
angles 0i 

-h Cg|t^ 

Differentiating both sides, 

^1 “ "I" 2c.njT -h SCgi 

Where i= 1,2, 3 
From veloeity analysis, 

JS =P 

& = 

Where 


p = 

’X 

Y 

6 = 

-9 M 

1 __ 


Z- 

and 

L 63 J 


and J is the Jaeobian matrix represented as 

I ^}i ^1^1 I »*Mi} 

I- i|.i I ^ I I I 

0 I 11] 

V. RESULTS & DISCUSSIONS 

We have used additive manufaeturing instead of 
eonventional manufaeturing teehniques, whieh obviously 
redueed the eost to some extent and inereased the design 
innovation to a great extent. It is also less tedious eompared to 
the eonventional teehniques. The robot faeed some signifieant 
stability issues whieh were then resolved by replaeing the 
servos and the ABS legs with aluminium legs. Some 
aluminium bars were also designed to eonneet between the 


body and the servo legs that further enhaneed the stability of 
the robot. Glue (from the hot glue gun) was used on the foot 
tips to inerease frietion between the tips and the platform in 
order to prevent further slipping. 



Fig.5 Stable Standing Robot Made With 


Aluminium Legs 

There were some power supply issues too whieh 
were provided with some adequate temporary solutions. 

VI. CONCLUSION 

So, our self-designed and self-manufaetured robot 
worked quite well despite having some limitations. We are 
looking forward to use a lithium ion power supply instead of a 
switehing mode power supply whieh would allow us to earry 
out the gaiting analysis in a more extensive way. A separate 
servo braeket has also been designed, that is to be 
manufaetured with the help of aluminium sheet metal, whieh 
provide a further more stable strueture to the robot. 



Fig.6. Redesigned and Improved Servo Bracket 


VII. FUTURE SCOPES 

This paper ean be signifieantly earried forward 
towards numerous manifestations. Some examples are: 
Correetion of gaiting methods of the robot followed by 
enhaneed loeomotion like stair elimbing with the help of 
SLAM (Simultaneous loealization and Mapping) using 
LIDAR sensor, imitation of walking stanee of a real spider 
and generalisation of energy effieient method for walking on 
uneven terrain. This partieular robot’s applieability ean be 
well extended to human body deteetion at any natural hazard 
trodden site. Furthermore the robot ean be embedded with 
numerous sensors to aehieve some demand speeifie tasks. 
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